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Abstract 
Friction stir welding (FSW) is relatively a new welding method where heat generated by friction is used to forge components 
together under an axial force. In this method, the generated heat does not exceed the material melting point, instead, the material 
is heated to its forging temperature and is stirred together by a rotating tool. Since the invention of FSW, this technique has been 
mainly used for welding aluminium plates together for butt and lap joint configurations. 
This study is focused on welding lap joint of dissimilar polymers with a new developed tool, in order to evaluate the effect of 
the welding parameters on the weld strength. This paper describes the process of developing a stationary FSW tool for welding 
thin plates of polypropylene and polyethylene. The welds produced with this tool improved the welds surface quality and strength 
significantly. The use of the proposed tool showed to improve the stability in the axial force magnitude during the welding 
procedure in comparison with a conventional FSW tool. It was also concluded that the rotational and traversing speed have the 
most effective role regarding the overall specimen tensile strength. Moreover, unlike lap joint of metallic materials, the defect 
occurred in the retreating side of the welds.  
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1. Introduction 
Since the beginning of the human history, joining different components together has been an important concern in 
order to be able to combine several pieces into a single object. Nowadays, joining materials is one of the most 
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crucial and attractive engineering subjects, which has been under investigations for the last century. The Friction Stir 
Welding (FSW) method is one of the most promising joining techniques that has been developed since the last 
decade. Initially, FSW was implemented to join materials that are difficult, or somehow impossible to weld with 
conventional techniques such as aluminium alloys. Therefore, due to the numerous advantages of this method and 
increase in industrial demand for lightweight design structures, various industrial sectors have been shifting to this 
recently developed method.  
 
Fig. 1: Typical Butt-joint welding procedure by a rotating shoulder. 
The FSW process is based on the generation of the frictional heat, between the FSW tool and surface of the base 
material [1]. As it is demonstrated in Fig. 1, a conventional FSW tool consists of a rotating pin attached to a 
shoulder, which penetrates into the parent material and traverse along the weld line. The frictional heat forces the 
material to reach its plastic deformation stage, and the rotating probe stirs the nearly-molten material under the 
shoulder’s axial force [2-4]. As it can be seen, the weld beam is divided in two sides: 
 
1. Retreating side, where the tool rotational direction is opposite of the welding direction; 
2. Advancing side, where the tool rotational direction is the same as the welding direction. 
 
FSW is one of the most attractive welding methods due to its solid-state philosophy and ability for full 
automation. Originally, this technique was developed for joining aluminium alloys, but due to its proven advantages, 
this method is currently being studied to weld other metallic materials, polymers [5, 6] and even joining dissimilar 
materials [7]. Due to the low amount of generated heat, components with high mechanical properties, low distortion 
and residual stresses are achieved. Fundamentally, FSW is an environment-friendly process due to absent of toxic 
fumes, shielding gases and filler materials.  
Since recently, the industrial demand for consumption of lightweight material has increased (due to the pursuit of 
an optimize stress-to-weight ratio) [8], and thus, finding a proper method for joining polymeric materials and 
composites is one of the main attractions for engineering applications. Scarce investigations have been done in order 
to examine the possibility of joining polymers with FSW method, especially for lap joint of dissimilar materials.  
During a conventional FSW process, the shoulder plays the main role for generating the adequate heat by 
contacting on the material surfaces while it spins. In a FSW process, the temperature is expected to increase enough 
in order to reach a temperature near to the material melting point. However, polymers behave in a different way 
during the welding procedure in comparison to metals. Strand claimed that the FSW of polymers is not an absolute 
solid-state procedure [4], due to the existence of diverse molecular weights. He claimed that during this process, 
shorter polymer chains can reach their melting points, whereas longer chains might not reach the desired 
temperature. This explains why polymers are usually characterized by a melting range instead of a melting point.  
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Fig. 2: Equipment setup: Table, spindle and sensitizing clamping system (a); Detailed view of the load cells position in the clamping system (b). 
Some previous studies [9] concluded that a traditional FSW tool is not appropriate for welding polymers due to 
the low melting point, thermal conductivity and hardness of polymeric materials [10]. Thereby, since the tool plays a 
crucial role in the FSW process, the development of adequate FSW tools for polymers is considered a topic that must 
be addressed with high determination. So far, the most effective tool that has been established for polymer welding 
is considered to be the hot shoe, developed by Strand [4]. This tool consists of a static shoulder made with 
aluminium, coated with polytetrafluoroethylene or “Teflon” on the contact surface area. In this tool a heater and a 
thermocouple are installed inside the stationary shoulder in order to monitor, control and compensate any 
overheating or heat shortage that might occur. One of the main advantages that makes this tool notable is the fact 
that it is able to trap the almost molten material inside the weld bead, promoting the formation of a good surface 
quality. With the absence of a rotating shoulder, the frictional heat is exclusively generated by the probe. Some other 
studies used the hot shoe with different probe geometries and analysed the results for different base materials [11]. 
 
2. Experimental procedure 
Friction stir welding experiments were employed in a 3-axis CNC machine. Several different welds were 
produced using a position control method with a sensitized clamping system for load acquisition, which is shown in 
Fig. 2. Since polymers behave differently than aluminium and tend to buckle easier under pressure, they demanded a 
more sophisticated clamping system. The designed fixture is instrumented with four load cells connected to a data 
acquisition equipment. A thermocouple has used inside the bottom part of static shoulder touching the sleeve near 
the weld seam. The data is acquired and filtered with a custom made dedicated LabView™ algorithm that enables 
the observation and registration of the applied axial force and temperature during welding.  
Rotational speed, traverse speed and tool geometry are the parameters which can most prominently affect the 
weld strength. From these parameters, and based on a set of preliminary experimentations for FSW of polymers, it 
was verified that the tool geometry plays a significant role on the joint overall quality. Dissimilar polymer materials 
and thicknesses have been used for the lap joints produced in this work. Polyethylene (PE) and polypropylene (PP) 
were chosen as candidates for polymer FSW with the new developed tool due to their low melting ranges. Since no 
similar study could be found in the literature, different tool designs and dimensions were analysed in an iterative 
procedure and the most effective design was used for the welding parameters analysis.  
As it is illustrated in Fig. 3, the new developed tool consisted of a static shoulder made by Teflon with a highly 
conductive sleeve around the rotating pin. Bronze sleeve was used around the pin due to its lubricant ability, to 
prevent injection of the soft material inside the shoulder and due to its ability to preheat the area around the pin in 
advance.  
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Fig. 3: Designed tool geometry: Section view and thermocouple position (a); isometric view of the tool (b). 
This technical effect is obtained because the bronze sleeve conducts and distributes the generated heat to the 
frontal area of the pin, preheating the section without any external equipment. As it shown in Fig. 3(a), a 
thermocouple has utilized inside the shoulder touching the sleeve in order to detect the temperature during welding. 
It also discloses a precise guiding of the rotating pin relative to the shoulder preventing excessive loads and stress 
in this component during its work. This technical effect is obtained because the axial and tangential force transmitted 
by the spindle acts on the upper part of the pin that acts on the bearing, and therefore acts on the shoulder. This 
transmission avoids these stresses to act on the slender and critical part of the pin directly or indirectly. 
Four different welding parameters were chosen, each in two levels, in order to analyse the welding parameters 
effect on the specimens weld strength. Two different pin geometries were selected with a 6mm diameter. All the 
welds were repeated three times, for averaging purposes in order to decrease errors and noise, and three specimen 
were cut from each weld from different sections of the weld bead. Table 1 shows the different parameters used in 
this case study. 
In the stationary shoulder solution, ball bearings inside the shoulder let the rotating probe rotates with the spindle 
preventing the shoulder itself to spin. One of the main challenges of using a stationary shoulder consists in 
preventing the injection of the soft material inside the shoulder and bearing, and it is one of the main reasons that 
lead shoulders to fail, in particular during long runs. In order to avoid this problem, brass and bronze sleeves have 
been used around the pin. Ejected material from the weld seam can lead to root defects in the retreating side of the 
weld, which is not acceptable and needs further study, tool development and parameters optimization.  
Table 1: FSW parameters of the different analysed samples 
Sample number 
FSW process parameters 
A B C D 
Pin geometry 
Tool rotation speed 
[rpm] 
Pin length 
[mm] 
Tool traverse speed 
[mm/min] 
S1 Flat surfaces 1500 2.8 20 
S2 Flat surfaces 1500 2.4 100 
S3 Flat surfaces 2500 2.4 20 
S4 Flat surfaces 2500 2.8 100 
S5 Triangle 1500 2.4 20 
S6 Triangle 1500 2.8 100 
S7 Triangle 2500 2.8 20 
S8 Triangle 2500 2.4 100 
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Fig. 4: Test specimens overall dimension and overlapped area. 
The welds strength was determined in tensile tests performed in an Instron ElectroPuls™ machine, using a 
2mm/min loading rate. Specimens were cut out of the weld seam with a 3-axes milling machine to the dimensions 
displayed in Fig. 4.  
3. Results and discussion 
The main objective of the presented study is to analyse the effect of the welding parameters on the weld strength 
with the new developed stationary FSW tool. Initially, peel tests were performed in order to evaluate the weld bead 
materials configuration for the different probe geometries. Consequently, two pin geometries with the best results, 
were selected, and were characterized by a conical shape with two flat surfaces and a triangular shape circumscribed 
inside a 6mm diameter probe. These probe geometries were selected as a result of their increased angle of attack 
and, consequently, their ability to generate more heat. However, in order to weld polymeric materials, probes should 
have grooves or threads to allow the softened material to flow, rather with significant turbulence. Without grooves 
the material tends to stick on the advancing side of the weld and do not stir sufficiently to promote a satisfactory 
joining. 
The stationary shoulder pushes the material down and does not let the soft material to flow outside the bead, 
letting it cool down under the applied pressure, and preventing the appearance of such defects. With the absence of a 
rotating shoulder to assist in the heat generation, the probe plays an even more important role in order to produce 
heat and stir the soften materials together. For this research, different pins and parameters have been tested without 
any extra heating on the plates in order to observe the effect of the different tools, particularly on both resulting 
surface quality and overall tensile strength.  
The developed tool that was used for producing the tested specimens can be seen in the Fig. 5. This tool consists 
of a rotating pin with triangular shape at the tip, deep groove ball bearing, static Teflon part, Bronze sleeve and a 
thermocouple. 
The stationary shoulder made by Teflon is able to create a smooth surface quality that with some welding 
parameters it is hard to distinguish the weld bead with the parent material, as it can be seen in Fig. 6. However, in 
some cases material degradation happened, which caused the weld beam to change the colour. This degradation is 
due to the generated heat caused by specific welding parameters. All the welds with material degradation occurred 
while using the slow welding speed (20mm/min) due to excessive amount of heat generated by the tool, which 
affected the material properties and consequently produced weak welds.   
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Fig. 5: Stationary shoulder and rotating probe developed for the tests. Isometric view (a) and bottom view (b) where the Bronze sleeve can be 
seen. 
As for most of the FSW tools, the traversing and rotational speed are the most relevant parameters on the weld 
strength, followed by the pin length. As it can be seen in the plot below (Fig. 7), there is no siginificant differences 
between the flat faces (F) pin and triangular (T) one. However, The most effective factor using the new developed 
tool is the welding speed. With low welding speed, material degradation caused the mechanical properties of 
materials to change, therofore no proper bonding occurred. 
The maximum tensile strength occurred for the specimen produced with the highest rotational speed (2500 rpm) 
and fastest traversing speed (100 mm/min). However, the triangular pin seems to have slightly better resluts due to 
the geometrical shape, which attacks the material in a more aggressive way than another pin design. As it can be 
seen in Fig. 7, with a larger pin length, better resluts were achieved. However, it is worth mentioning that these pin 
lengths were selected due to the polymer deflection under the application of an axial force. At the beginning, the 
selected pin length was larger, nevertheless with a bigger pin the parent materials deformed under pressure of the 
static shoulder, and caused the pin to go through the both plates and contact with the CNC machine table. As a 
consequence of this, the maximum pin length selected for the tests was roughly 90 percent of the thickness of the 
plates to be welded.  
Thermocouples were used in order to quantify the generated heat for each welding parameters. Nevertheless, this 
temperature measuring method was considered not to be a fully reliable technique for this application. In fact, this 
method is able to provide a good estimate of the welding operation temperature range but not good enough for 
detecting accurate heat for a specific point of the weld bead. The temperature range depends mostly on the most two 
effective factors, which are rotational and traversing speed. The reason for not being fully reliable is due to the fact 
that the installed thermocouple measured the temperature inside the Bronze sleeve and not on the plate surface nor 
inside the rotating probe.  
 
Fig. 6: Section view of the weld bead (a); Top view of a sound weld (b) and degraded material (c). 
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Fig. 7: Effect of the different welding parameters in the overall mean measured for the maximum tensile loads. 
As previously mentioned, axial force plays a critical role in FSW processes. In this study a position control 
method was used to weld the plates together in a lap joint configuration. By using position control, the applied axial 
force quantification, for the different types of tool designs, can help understand their behaviour during the welding 
operation. The performed tests confirmed the axial force to be a function of the tool design used. With the new 
developed tool, due to the larger area of the stationary shoulder, when the static shoulder contacted the top surface of 
the plate, the applied axial force increased significantly (in order to guarantee the same axial pressure), nevertheless 
when the tool advanced, the force falled down and tended to stabilize. This behavior could not be verified for a FSW 
tool with a rotating shoulder. By using a conventional rotating tool, an unstable loading is verified when a position 
control system is used. As it illustrated in Fig. 8, the axial force using the new tool is roughly constant during the 
welding. Due to the different magnitudes of the force for both samples presented, the data was normalized by the 
maximum measured load for each data. 
Tensile tests were performed for the specimens with different welding parameters in order to quantify the new 
tool effect on the weld strength. Table 2 shows the maximum tensile strength results of the specimen welded using 
conventional tool compared to those welded using the new developed tool. The fig. 9 (a)  shows the specimen before 
the test, followed by the specimen during the test and after the failure under the shear stress. 
 
 
Fig. 8: Normalized axial force variation during the welding procedure for both conventional tool and developed tool. 
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Fig. 9: Specimen stages during the test. Specimen before test (a); Experiment setup (b); Secondary bending (c), (d); specimens after failure (e). 
As the results show, lap joint of polymer behave totally different than metallic materials. For a single lap joint of 
aluminum, the main defect occurs on the advancing side of the weld due to the hook defect [12]. However, all the 
specimens in this study failed in the retreating side of the weld. The reason can be expained due to the insufficient 
generated heat in the retreating side, which cause improper bonding between the retreating side of the weld and the 
parent material. The advancing side of the welds have very good and strong bond to the parent material. Also weld 
nuggets produced by the new tool bond perfectly to the bottom of the plates due to the proper stiring of the tool. 
The contour plots, illustrated in Fig. 10, show the relation between traversing speed, rotational speed and pin 
length with maximum tensile load. As it is shown, the higher the rotional and traversing speed applied, the stronger 
the welds. The pin length also seemed to contribute for a higher admited tensile load, but not as significantly as the 
rotating speed, being its effect more crucial for high RPMs. 
 
Fig. 10: Contour plots of the maximum tensile load observed vs different welding parameters. 
Table 2: Welding parameters for the specimens R3 and S4 * 
Specimen ID Shoulder penetration [mm] Pin length [mm] 
Traversing 
speed 
[mm/min] 
Rotational 
speed 
[rpm] 
Maximum Load [N] 
R3 0,1 2,05 50 1700 83.3 
S2 N/A 2.4 100 1500 283 
*Both tests were performed with 6mm probe diameter and overlapped area of 600mm2. 
207 Shayan Eslami et al. /  Procedia Engineering  114 ( 2015 )  199 – 207 
 
4. Conclusion 
A new design for polymeric material FSW was developed and presented in this paper. The effect of different 
welding parameters on the weld quality and strength was evaluated for the new developed tool, and an optimized 
design for hybrid polymers lap joint configuration was achieved. The following conclusions can be drawn for the 
friction stir welding parameters effect in the use of a Teflon stationary shoulder design: 
 
x The stationary shoulder enabled stronger welds with good surface quality; 
x By using a stationary shoulder, the applied force is kept somehow constant during the operation, while the same 
behaviour cannot be found by using rotating shoulders instead; 
x The most effective welding parameters with the new tool are the traversing speed followed by rotational speed; 
x Unlike metallic material, the defect for lap joining the polymeric materials occur on the retreating side of the 
weld; 
x With low traversing speed (20mm/min), material degradation occurred possibly due to excessive heat generation; 
x The use of a bronze sleeve inside the shoulder and around the rotating pin prevents the soft material to eject 
inside the shoulder as well as heating the plate surface in advance; 
x The specimens produced under the same welding parameters did not show a good reproducibility, as it was 
proven to be a good advantage for metal applications. 
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